S/GSK1349572 is a novel integrase inhibitor with potent in vitro anti-HIV activity, an in vitro resistance profile different from those of other integrase inhibitors, and favorable preclinical safety and pharmacokinetics (PK). Randomized, double-blind, placebo-controlled single-dose and multiple-dose, dose escalation studies evaluated the PK, safety, and tolerability of S/GSK1349572 for healthy subjects. In the single-dose study, two cohorts of 10 subjects each (8 active, 2 receiving placebo) received suspension doses of 2, 5, 10, 25, 50, and 100 mg in an alternating panel design. In the multiple-dose study, three cohorts of 10 subjects each (8 active, 2 receiving placebo) received suspension doses of 10, 25, and 50 mg once daily for 10 days. A cytochrome P450 3A (CYP3A) substudy with midazolam was conducted with the 25-mg dose. Laboratory testing, vital signs, electrocardiograms (ECGs), and PK sampling were performed at regular intervals. S/GSK1349572 was well tolerated. Most adverse events (AEs) were mild, with a few moderate AEs reported. Headache was the most common AE. No clinically significant laboratory trends or ECG changes were noted. PK was linear over the dosage range studied. The steady-state geometric mean area under the concentration-time curve over a dosing interval (AUC 0-) and maximum concentration of the drug in plasma (C max ) ranged from 16.7 g ⅐ h/ml (coefficient of variation [CV], 15%) and 1.5 g/ml (CV, 24%) at a 10-mg dose to 76.8 g ⅐ h/ml (CV, 19%) and 6.2 g/ml (CV, 15%) at a 50-mg dose, respectively. The geometric mean steady-state concentration at the end of the dosing interval (C ) with a 50-mg dose was 1.6 g/ml, approximately 25-fold higher than the proteinadjusted 90% inhibitory concentration (0.064 g/ml). The half-life was approximately 15 h. S/GSK1349572 had no impact on midazolam exposure, indicating that it does not modulate CYP3A activity. The PK profile suggests that once-daily, low milligram doses will achieve therapeutic concentrations.
The introduction of human immunodeficiency virus (HIV) integrase inhibitors has ushered in a potent new class of drugs for HIV-infected individuals. These agents act upon a key viral target and demonstrate activity in treatment-experienced patients (4, 7, 9) . Importantly, their adverse event (AE) profile does not appear to have many of the dose-limiting side effects of other classes, such as central nervous system disturbances, hyperlipidemia, and insulin resistance. S/GSK1349572 is an investigational HIV integrase inhibitor that preferentially blocks the strand transfer step of integration of the viral genome into the host cell's DNA (6) and is designed to retain activity against raltegravir-and elvitegravirresistant HIV. The proposed mechanism of inhibition involves the drug molecule chelating to two Mg 2ϩ ions in the integrase DD(35)E catalytic active site. S/GSK1349572 was selected for clinical trials because nonclinical studies demonstrated a favorable safety profile, pharmacokinetics (PK) supporting once-daily dosing, and the potential for activity against raltegravir-and elvitegravir-resistant HIV. The primary route of metabolism is glucuronidation, and the compound does not demonstrate induction or inhibition of cytochrome P450 (CYP) isozymes in vitro. S/GSK1349572 demonstrates potent in vitro activity, with a 50% inhibitory concentration (IC 50 ) against HIV in peripheral blood mononuclear cells (PBMCs) of 0.51 nM and a protein-adjusted IC 90 of 0.064 g/ml. The objective of these studies was to evaluate the safety and pharmacokinetics of S/GSK1349572 following single and repeat doses in healthy adult subjects.
MATERIALS AND METHODS
Subjects and design. Randomized, double-blind, placebo-controlled singledose and multiple-dose, dose escalation studies were conducted with healthy subjects. For both trials, subjects were healthy (as judged by a physical exam, medical history, and laboratory testing) nonsmoking males or females without childbearing potential. Subjects testing positive for anti-HIV antibody, antihepatitis C antibody, or hepatitis B surface antigen were excluded. Subjects were not allowed to receive any prescription or nonprescription drugs, including vitamins and herbal products, within 7 days of dosing and throughout the studies, unless this restriction was deemed unlikely to interfere with the conduct of the study or the safety of the individual subject.
The single-dose study utilized an alternating panel of two cohorts with 10 subjects each, 8 receiving S/GSK1349572 and 2 receiving placebo. Subjects randomized to placebo received placebo on all dosing occasions. S/GSK1394572 was administered as a suspension and was given after a 10-h fast. Doses were selected based on allometric scaling and preclinical toxicology studies and were then adjusted based on real-time PK analysis. The doses administered in the study were 2, 5, 10, 25, 50, and 100 mg, with the first cohort receiving 2, 10, and 50 mg and the second cohort receiving 5, 25, and 100 mg. Suspensions of the active drug and placebo were prepared by the study site pharmacist.
In the repeat-dose study, three cohorts received S/GSK1394572 as a suspension at doses of 10, 25, and 50 mg in the fasting state, once daily for 10 days. The 10-mg and 50-mg dose cohorts consisted of 8 active and 2 placebo subjects. The 25-mg dose cohort consisted of 10 active and 2 placebo subjects. All subjects in this cohort received 3 mg midazolam (MDZ), a CYP3A4 metabolic probe, given orally as the commercially available syrup alone on day Ϫ1 and with S/GSK1394572 25 mg on day 10.
For both trials, all subjects were admitted to the research unit on the evening prior to dosing with the investigational product (IP) and remained there until the 72-h postdose assessments were completed. Vital signs, electrocardiograms (ECGs), and laboratory tests were performed prior to dosing and through 72 h postdosing. Adverse events (AEs) were collected by patient interviews at regular intervals. The severities of AEs and laboratory abnormalities were assessed using the National Institute of Allergy and Infectious Diseases, Division of AIDS (DAIDS), grading N]S/GSK1349572 was used as an internal standard. The validated linear concentration range was 5 to 5,000 ng/ml, and three concentrations of quality control (QC) samples were included in each run, at 20, 400, and 4,000 ng/ml. Based on the results of the analysis of these QC samples, the bias ranged from 0.0 to 3.5%, and the intra-and interassay coefficients of variation (CVs) were less than or equal to 7.2% and 5.4%, respectively. For MDZ, [ 13 C 3 2 H 3 ]midazolam was used as an internal standard. The validated linear concentration range was 0.35 to 72 ng/ml, and three concentrations of QC samples were included in each run, at 1.4, 7.0, and 58 ng/ml. Based on the results of the analysis of these QC samples, the bias ranged from 2.8 to 9.4%, and the intra-and interassay coefficients of variation were less than or equal to 6.8% and 4.9%, respectively.
Pharmacokinetic analysis. A noncompartmental pharmacokinetic analysis of the concentration-time data was performed with WinNonlin (version 4.1; Pharsight Corporation, Mountain View, CA). Plasma PK parameters for S/GSK1349572 were calculated for each treatment as follows: for the single-dose study and day 1 in the repeat-dose study, the area under the concentration-time curve from time zero to the last measurable concentration (AUC 0-t ), the area under the concentration-time curve extrapolated to infinity (AUC 0-ϱ ), the maximum observed concentration of the drug in plasma (C max ), the time of the maximum observed concentration of the drug in plasma (T max ), the terminal elimination phase half-life (t 1/2 ), the apparent oral clearance (CL/F), and the observed time point immediately prior to the first quantifiable concentration (T lag ) were assessed. In the repeat-dose study, the area under the concentration-time curve over a dosing interval (AUC 0-), C max , T max , the predose concentration (C 0 ), the concentration at the end of the dosing interval (C ), and the minimum observed concentration of the drug in plasma (C min ) were assessed for day 10. The following PK parameters were calculated for MDZ: AUC 0-t and AUC 0-ϱ . The actual elapsed time from dosing was used to estimate all individual PK parameters.
Statistical analysis. Descriptive statistics, including geometric means and 95% confidence intervals (CIs), were calculated for all PK parameters and summarized by the type of treatment. The dose proportionality of S/GSK1349572 PK parameters (AUC 0-t , AUC 0-ϱ , C max ) from the single-dose study or day 1 in the repeat-dose study and from day 10 (AUC 0-, C max , C min , and C ) in the repeatdose study was assessed using the power model y ϭ ␣ ϫ dose ␤ , where y denotes the PK parameter being analyzed and ␣ depends on the subject. Dose proportionality implies that ␤ ϭ 1 and was assessed by estimating ␤ along with its 90% CI. For the repeat-dose escalation, the time invariance ratios (ratio of AUC 0-on day 10 to AUC 0-ϱ on day 1) and accumulation ratios (ratios of the day 10 AUC 0-to the day 1 AUC 0-24 , of the day 10 C max to the day 1 C max , and of the day 10 C to the day 1 C 24 ) were calculated as geometric least squares (GLS) means and assessed by analysis of variance with subjects as the random effect and day as the fixed effect. Achievement of steady state was assessed by visual inspection of plots and by calculation of the point estimate and 90% CI of the slope of the linear regression of the day 5 to 10 predose concentrations versus day by dose group. To support the claim that steady state was reached, the predose concentration slope estimate had to be close to zero or the 90% CI for the slope estimate had to include zero.
Following log transformation, the plasma midazolam AUC 0-t was analyzed using a mixed-effects model with treatment as the fixed effect and subject as the random effect. Point estimates and their associated 90% CIs were constructed for the differences between treatments (MDZ plus S/GSK1349572 minus MDZ alone). The point estimates and their associated 90% CIs were then backtransformed to provide point estimates and 90% CIs for the treatment ratios (MDZ plus S/GSK1349572 versus MDZ alone).
RESULTS

Demographics.
In the single-dose study, 20 male and 5 female subjects were enrolled. Thirteen subjects (52%) completed all study visits as planned. Twelve subjects (9 active, 3 on placebo), five of whom were replaced, withdrew from the study for the following reasons: investigator discretion (n ϭ 7 [28%]), AEs (n ϭ 2 [8%]), withdrawal of consent (n ϭ 2 [8%]), and loss to follow up (n ϭ 1 [4%]). The majority of subjects (85%) were white/Caucasian. The mean age was 31.8 years (range, 19 to 54 years), and the mean body mass index was 25.0 (range, 20.9 to 29.1). In the multiple-dose study, 27 male and 5 female subjects were enrolled. One (3%) subject was withdrawn due to investigator discretion. White/Caucasian subjects constituted 75% of the population. The mean age was 31.7 years (range, 18 to 50 years), and the mean body mass index was 25.1 (range, 19.7 to 30.0). For both studies, demographic characteristics were similar across treatment groups.
Safety. (i) Single-dose study. S/GSK1349572 was generally well tolerated in single doses ranging from 2 mg to 100 mg. No serious or severe adverse events were reported during the study. Two subjects withdrew from the study due to AEs: one with a moderate, non-drug-related viral upper respiratory tract infection and the other with a mild, possibly drug-related, asymptomatic, 3-beat run of nonsustained ventricular tachycardia (a follow-up cardiology evaluation was unremarkable for cardiovascular disease). Few subjects in any treatment 
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on October 15, 2017 by guest http://aac.asm.org/ group reported any AEs, and the proportions of subjects reporting any AE were similar for the different treatment groups (Table 1) . Two AEs, headache and somnolence, were reported by more than one subject. The majority of AEs were mild, and no dose-related trends were noted. AEs were infrequently considered by the investigator to be related to S/GSK1349572 (Table 1) . No clinically significant trends in postdose laboratory abnormalities were evident. No clinical laboratory values were reported as AEs, and no grade 4 laboratory abnormalities were reported during the entire study. One subject experienced a treatment-emergent, grade 3, asymptomatic lipase elevation (263 U/liter; the normal level is 7 to 58 U/liter) 3 days after receiving 2 mg of S/GSK1349572; the lipase abnormality resolved 4 days later. This subject did not receive additional doses of S/GSK1349572. No clinically significant vital sign or ECG (telemetry or 12-lead ECG) abnormalities or trends were observed.
(ii) Repeat-dose study. Repeat doses of S/GSK1349572 ranging from 10 mg to 50 mg were generally well tolerated. No serious or severe AEs were reported. No subjects withdrew from the study due to an AE. Most AEs were mild in severity. No dose-related trends in AEs were observed, although more subjects receiving 50 mg S/GSK1349572 reported more AEs than subjects in the other treatment groups (Table 2) . Headache and pharyngolaryngeal pain were the most common AEs. No clinically significant trends in postdose laboratory abnormalities, vital signs, or ECG values were evident. No grade 4 laboratory abnormalities were noted. One subject receiving 50 mg S/GSK1349572 had a treatment-emergent, asymptomatic grade 3 triglyceride elevation (728 mg/dl; normal level, 0 to 149 mg/dl), grade 2 alanine aminotransferase elevation (178 U/liter; normal level, 0 to 41 U/liter), and grade 2 aspartate transaminase elevation (101 U/liter; normal level, 0 to 36 U/liter) on day 10; other liver chemistries (including alkaline phosphatase and bilirubin) were within normal limits. This subject did not receive additional doses of S/GSK1349572, and all lab abnormalities resolved within 1 week.
Pharmacokinetics. (i)
Single-dose study. The mean concentration-time profiles following administration of single doses are shown in Fig. 1 . S/GSK1349572 was readily absorbed; the median maximum concentration was achieved between 0.5 and 1.25 h postdose. Plasma S/GSK1349572 concentrations subsequently declined biexponentially. Single-dose pharmacokinetic parameters of S/GSK1349572 are shown in Table 3 . The terminal elimination half-life (t 1/2 ) ranged from 13 to 15 h. The AUC increased proportionally as the dose increased from 2 mg to 100 mg, and C max was slightly less than dose proportional.
(ii) Repeat-dose study. The day 10 pharmacokinetic parameters are shown in Table 4 , and mean concentration-time profiles are shown in Fig. 2 . AUC 0-and C showed doseproportional increases over the 10-to 50-mg dose range fol- 
DISCUSSION
Integrase is an attractive target for HIV therapy, because it is an essential enzyme required for HIV replication. The primary role of integrase is to catalyze the insertion of viral DNA into the chromosomes of infected cells. Inhibition of this viral enzyme produces potent viral load declines in short-term monotherapy studies that are equal to or greater than those produced by previous drug classes (2, 3) .
This was the first study that assessed the safety, tolerability, and plasma pharmacokinetics of S/GSK1349572 in healthy subjects. Single doses ranged from 2 mg to 100 mg, and repeat doses ranged from 10 mg to 50 mg once daily. S/GSK1349572 was safe and well tolerated across all doses for single-and repeat-dose administration. During the single-dose study, the most frequent AEs were headache and somnolence. During the repeat-dose study, headache and pharyngolaryngeal pain were the most commonly reported AEs. These AEs are common in phase I studies and may have been caused in part by confinement in the clinical unit, where subjects had caffeine restrictions and were at risk of viral infections due to the time of year. One subject in the single-dose study was noted to have asymptomatic lipase elevation, but no trend in lipase abnormalities was noted across all doses. Additionally, one subject in the repeat-dose study had asymptomatic triglyceride and liver enzyme elevations. The triglyceride abnormalities preceded the liver enzyme elevations, so it is plausible that the lipid abnormality caused the hepatitis. No trends in lipid or liver chemistry abnormalities were noted over all the dosing groups. No secondary cause for the pancreatic, lipid, or liver enzyme abnormalities was observed, so causality by S/GSK1349572 could not be excluded.
Following once-daily administration of S/GSK1349572, concentrations in plasma reached steady state by approximately 5 days of dosing, and moderate accumulation, with accumulation ratios ranging from 1.18 to 1.53 across different dose levels, was observed. These data are consistent with the observed half-life of 13 to 15 h. Low to moderate intersubject variability was observed in both single-and repeat-dose S/GSK1349572 PK, with the CV ranging from 9% to 41%. This is in contrast to a higher variability seen with raltegravir and most protease inhibitors (1, 3) . The more predictable PK profile suggests a lower likelihood that subjects receiving S/GSK1349572 will fall at the extremes of exposures, which could result in toxicity or therapeutic failure, and provides a good foundation for understanding of the PK/pharmacodynamic relationship.
Coadministration of repeat doses of 25 mg S/GSK1349572 with a single dose of 3 mg midazolam resulted in no significant change in the plasma midazolam AUC, indicating no induction or inhibition effect of S/GSK1349572 on CYP3A activity. Thus, S/GSK1349572 is unlikely to affect the exposure of CYP3A substrates following coadministration. This is consistent with in vitro findings. In addition, preclinical studies suggest that glucuronidation is the primary pathway of metabolism, suggesting The PK parameter that best predicts efficacy for integrase inhibitors has not been well described. Recent data suggest that plasma raltegravir concentrations do not have a significant role in predicting efficacy (8) . However, a monotherapy study with elvitegravir demonstrated that the C min showed a strong correlation with antiviral activity (2) . The good oral bioavailability of S/GSK1349572, combined with its moderate elimination half-life, results in once-daily dosing that achieves trough concentrations exceeding the protein-adjusted target concentration for HIV (0.064 g/ml) by 5-to 26-fold, depending on the dose (Fig. 2) . If trough concentrations are predictive of antiviral efficacy, the large inhibitory quotient (C trough /90% inhibitory concentration) for S/GSK1349572 suggests that the compound will have potent activity in HIV-infected individuals.
The suspension formulation in this study was used to obtain an early evaluation of the pharmacokinetics of S/GSK1349572. Subsequently, a tablet formulation has been developed and is being used for studies of HIV-infected subjects. Ongoing doseranging trials are evaluating doses across the range of 10 mg to 50 mg once daily. Additional studies are evaluating the compound's potential for drug interactions. S/GSK1349572 demonstrates the profile of a next-generation integrase inhibitor with pharmacokinetics that allow once-daily, low milligram doses to achieve therapeutic concentrations without the need for pharmacokinetic boosters.
